Abstract. Ovarian cancer is the second most frequently diagnosed malignancy of the reproductive system and is the leading cause of gynecological cancer mortality. Although the majority of advanced ovarian carcinomas initially respond successfully to taxane-based chemotherapy, resistance to chemotherapy remains the primary factor accounting for the low 5-year survival in this patient population. Recent data obtained by our group demonstrate that the disulphide isomerase ERp57 is strongly modulated in paclitaxel resistance suggesting that it may represent a chemoresistance biomarker in ovarian cancer. In the present study, we characterise a nuclear multimeric complex where ERp57 is associated with protein species involved in cell division and gene expression, as Nucleolin, Nucleophosmin, Vimentin, Aurora kinase C and ß-actin. In particular, we show that the occurrence of the interaction of nuclear ERp57 with ß-actin is associated with paclitaxel resistance and that specific actin conformations modulate this complex. We propose the involvement of the nuclear ERp57 complex in mechanisms associated with chromosome segregation in which specific conformational states of actin play a role in the pathway involved in paclitaxel resistance.
Introduction
Epithelial ovarian carcinoma is a major cause of death among gynecological malignancies (1) . Treatment of ovarian cancer consists of optimal debulking surgery combined with platinumtaxane combination chemotherapy. Treatment of ovarian cancer is difficult because of both the inability to completely remove surgically diffuse tumor involvement on the peritoneal surface and the possible resistance of the tumor cells to chemotherapy. Drug resistance represents a pleiotropic phenomenon characterised by changes in expression and function of several strictly interconnected proteins. Several mechanisms have been implicated in paclitaxel resistance, such as the selective expression of ß-tubulin isotypes and the overexpression of P-glycoprotein (2) , however the overall molecular mechanisms remain to be elucidated. To better understand molecular resistance mechanisms, in previous studies based on differential in gel electrophoresis (DIGE) coupled with mass spectrometry analysis we identified several proteins differently modulated in paclitaxel-sensitive as compared to -resistant human epithelial ovarian cancer cells that could represent chemoresistance biomarkers. These proteins were grouped into main functional classes. Most of the proteins were related to the category of stress response and chaperones suggesting that alterations of those processes might be involved in paclitaxel resistance (3, 4) . Recent studies identified ERp57, a chaperone belonging to the disulphide isomerase family involved in the correct folding of proteins, as a plausible therapeutic target in ovarian cancer. In fact, ERp57 gene was found to be associated with drug resistance in a study based on an array comparative genomic hybridization (aCGH) and microarray expression profiling in epithelial ovarian cancer tissues (5) . Furthermore, we have recently suggested a role of ERp57 protein in pathways that regulate the sensitivity of ovarian cancer to paclitaxel and identified it as a plausible candidate for treatment response biomarker (3) .
ERp57, also known as PDIA3, GRP58, ERp60 and ERp61, has been suggested to act as a cysteine-dependent protease (6) , a carnitine palmitoyltransferase (7) , and a thiol-dependent reductase (8, 9) , but its precise function remains to be estab-lished. Consistent with its thiol-dependent reductase activity is the presence of two WCGHCK motifs identical to those found in PDI and ERp72, and very similar to those in thioredoxin (10) . Though mainly localised in the endoplasmic reticulum (ER), where it acts in concert with calnexin and calreticulin to modulate glycoprotein folding and enforce the glycoprotein specific quality control mechanism, ERp57 has also been found in the cytosol and in the nucleus. In the cytosol it is involved in signal transduction and transcription regulation by activation of STAT3 (11) and associated with a sodium chloride cotransporter (12) , while in the nucleus it influences the DNA binding of transcription factors or of structural nuclear proteins by chemically cross-linking DNA sequences (13) . We have previously characterised the ERp57 ability to bind to a specific ß-tubulin isotype, TUBB3, overexpressed in paclitaxel-resistant cells and identified as a clinical marker of drug resistance in ovary (14, 15) , and to several nuclear proteins required for the correct kinetocore-microtubule attachments (3) . Interestingly, in the above-mentioned study it was observed that the ERp57/TUBB3 complex was prominent in paclitaxel-resistant A2780TC1 cells compared to sensitive cells thus suggesting a role of this protein in the regulation of the association between microtubules and kinetochore and in the cellular response to paclitaxel treatment.
Actin is a major component of the cytoskeleton and plays a critical role in all eukaryotic cells. In mammals at least six actin isoforms are encoded by separate genes, and are divided into ·, ß‚ and Á, according to their isoelectric point. In general, the ß isoform is predominant in non-muscle cells. The actin cytoskeleton functions in diverse cellular processes, including cell motility, contractility, mitosis and cytokinesis, intracellular transport, endocytosis and secretion (16, 17) . In addition to these mechanical functions, actin has also been implicated in the regulation of gene transcription, through either cytoplasmic changes in cytoskeletal actin dynamics (18) or the assembly of transcriptional regulatory complexes (19) . Monomeric, oligomeric or polymeric forms of actin seem to be involved in nuclear functions. The presence of actin within the nucleus was first suggested in 1969 (20) , but its role in the nucleus has been extremely controversial. One of the first demonstrations of a role for actin in the nucleus was as a collaborating factor in chromatin remodelling (21) , an idea that has been increasingly confirmed and extended (22) (23) (24) (25) .
In this review we confirmed the presence of ERp57 in the nucleus and characterised its nuclear protein partners in A2780 and A2780TC1 cells. We identified a multimeric nuclear complex containing ERp57, Nucleolin, Nucleophosmin, Aurora kinase C, Vimentin and ß-actin. In particular, we observed that the occurrence of ß-actin interaction with the ERp57 nuclear complex is associated with paclitaxel resistance. Moreover, we describe that the nuclear ERp57/ß-actin complex is modulated by specific conformational states of actin and that the occurrence of this interaction is less prominent in paclitaxel-resistant cells compared to sensitive cells thus suggesting its involvement and modulation in drug resistance pathways.
Understanding the molecular mechanism involved in the formation of nuclear ERp57/ß-actin complex in ovarian cancer cells might favour the development of novel therapeutic approaches to overcome chemoresistance occurrence.
Materials and methods
Chemicals and reagents. General chemicals were obtained from Sigma-Aldrich (Poole, UK), Bradford assay kit was from Bio-Rad (Hercules, CA, USA). Anti-ERp57 monoclonal antibody (sc-23886) and anti-actin polyclonal (sc-10731) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA); anti-ß-actin monoclonal antibody (A1978) was purchased from Sigma Aldrich (Poole, UK); anti-TUBB3 polyclonal antibody (PRB-435P) was purchased from Covance (CA, USA); anti-actin monoclonal antibodies 1C7 and 2G2 were obtained from Technical University of Braunschweig, Germany. Potassium ferricyanide, sodium thiosulfate, trypsin, and ·-cyano-4-hydroxycinnamic acid were purchased from Sigma as acetonitrile and TFA which were for mass spectrometry use. Chemicals and biochemicals used were of analytical grade.
Cell lines and paclitaxel cytotoxicity. The human ovarian cancer cell line A2780 was purchased from the European Collection of Cell Cultures (Salisbury, UK). A2780TC1 was previously produced by our group and is a cell clone derived from A2780 cells chronically exposed to paclitaxel (100 nmol/l). Growth conditions and paclitaxel toxicity testing were the same as previously described (26) . In all experiments, in order to ensure data reproducibility, A2780TC1 cells were cultured in the absence of paclitaxel for two passages before each experiment.
Immunoblotting of the subcellular fractions. Cells, harvested in cold phosphate-buffered saline, were extracted for 30 min at 4˚C in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40) containing 1 mM DTT, protease inhibitor cocktail (Roche) and phosphatase inhibitors (50 mM NaF, 0.2 mM Na 3 VO 4 ) or treated with 25 mM N-ethylmaleimide (NEM) for 5 min before harvesting to preserve mixed disulphides. After centrifugation, supernatants were collected as the total protein extract and stored at -80˚C. Nuclear lysates were obtained as previously described (3) . Briefly, 30x10 6 of cells were scraped, rinsed with phosphate-buffered saline, lysed on ice for 10 min with 3 ml of hypotonic buffer (10 mM HEPES, pH 8.0, 40 mM KCl, 3 mM MgCl 2 , 5% glycerol, 2 mM DTT) with the addition of 0.5% NP-40 to facilitate cells lysis, supplemented with a protease inhibitor cocktail (Roche). Nuclei were pelletted performing high-speed centrifugation (6,000 rpm for 10 min at 4˚C), washed twice with hypotonic buffer and resuspended with 300 μl of nuclei lysis buffer (10 mM HEPES, pH 8.0, 420 mM NaCl, 1.5 mM MgCl 2 , 25% glycerol, and 0.5 mM DTT) on ice for 10 min. After centrifugation (6,000 rpm for 10 min at 4˚C), the supernatant was collected as nuclear fraction and stored at -80˚C. Protein concentrations were measured using the Bradford-type protein assay (Bio-Rad). To perform experiments represented in Fig. 3, 30x10 6 of cells were lysed in 3 ml of lysis buffer to prepare whole cell extracts. For immunoprecipitation experiments, nuclear lysates were clarified and immunoprecipitated at 4˚C overnight in lysis buffer by adding protein A/G plus-agarose beads (Santa Cruz Biotechnology) after 2 h of incubation with 2 μg of antibody. Proteins were resolved by 1-DE or 2-DE and electrotransferred to nitrocellulose membrane (Schleicher and Schuell GmbH, Germany). Each membrane was blocked with 5% non-fat dry milk in Trisbuffered saline-Tween-20 (TBST) for 1 h at room temperature and subsequently incubated with primary antibody for 16 h at 4˚C. Immunoreactivity was detected by sequential incubation with HRP-conjugated secondary antibody. Immunoblots were developed using Supersignal West Femto chemiluminescent reagents (Pierce Biotechnology, Rockford, IL, USA).
2-DE.
For two-dimensional polyacrylamide gel electrophoresis (2-DE) non-reduced/reduced analysis, proteins were mixed in non-reducing SDS-PAGE sample buffer [0.25 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 20% (v/v) glycerol, 0.004% (w/v) bromophenol blue] and separated by SDS-PAGE on a 10% acrylamide gel. Gel lanes were excised and incubated in buffer containing 50 mM DTT for 10 min and further 10 min in 100 mM iodoacetamide (IAA) before separation through a second SDS-PAGE gel (10%). For 2-DE analysis, proteins were dissolved in the isoelectric focusing solution, containing 8 M urea, 4% CHAPS, and 2% carrier ampholyte pH 3.0-10. The IPG strips (pH 3.0-10 non-linear, 7 cm long, GE-Healthcare) were rehydrated with isoelectric focusing solution with 0.002% bromophenol blue containing protein sample and analysis carried out in a Ettan IPGphor II TM (GE-Healthcare) for 12 h at 20˚C. The rehydrated strips were focused at 20˚C using the following running conditions: 300 V for 4 h, voltage gradient from 300 to 1,000 V in 1 h, voltage gradient from 1,000 to 5,000 V in 2 h, 5,000 V for 40 min. Before running the second dimension, the IPG strips were equilibrated for 15 min in equilibration buffer [6 M urea, 2% (w/v) sodiumdodecyl sulphate (SDS), 50 mM Tris-HCl buffer at pH 8.8 and 30% (v/v) glycerol] with 10 mg/ml DTT and for 15 min in equilibration buffer containing 25 mg/ml iodoacetamide. Electrophoresis in the second dimension was carried out in 10% polyacrylamide gels. The IPG strips were embedded with 0.5% w/v melted agarose solution, prior to running on the SDS-PAGE slabs.
In gel digestion and mass spectrometry. For spot picking, gels were fixed in 50% methanol/7% acetic acid for 1 h followed by silver staining. Spots of interest were excised and reduced to small pieces. The gel pieces were destained by washing twice with 6 mM potassium ferricyanide in 100 g/l sodium thiosulfate and proteins digested overnight with 20 ng/μl trypsin (Sigma) in 40 mM ammonium bicarbonate/10% acetonitrile at 37˚C. The digestion reaction was blocked by adding 1% TFA. The proteolytic peptides were extracted with 50% acetonitrile/0.1% TFA, dried in a vacuum centrifuge and redissolved in 50% acetonitrile/0.1% TFA. The sample solution was mixed with matrix (·-cyano-4-hydroxycinnamic acid, 10 mg/ml in 50% ACN/0.1% TFA acid) and spotted onto a MALDI target. Peptide mass fingerprinting was performed on a Voyager-DE STR MALDI-TOF mass spectrometer (Applied Biosystems, Stafford, USA), operating in positive ion reflectron mode, with an acceleration voltage of 20 kV, a nitrogen laser (337 nm) and a laser repetition rate of 4 Hz. The final mass spectra, measured over a mass range of 800-3,000 Da and by averaging 50-200 laser shots, were finally analysed using the DataExplorer software v4.0 (Applied Biosystem). All mass spectra were calibrated with a calibration kit (Applied Biosystem) and internally calibrated using trypsin autolysis digestion products. Mascot software (Matrix Science, London, UK) was employed for protein database searching. The searches were performed using the NCBI database and the following standard parameters: Homo sapiens; tryptic digest with a maximum of one missed cleavage; carboxyamidomethylation of cysteine, partial methionine oxidation and a mass tolerance of 100 ppm. A Mascot score of 64 corresponding to p<0.05 for mass finger print experiments was chosen as the cut-off for a significant hit.
Chromatographic analysis. Chromatographic analysis was performed using the Q-proteome glycoprotein kit and the phosphoprotein purification kit purchased from Qiagen (GmbH, Germany).
Results

Erp57 is glycosylated and phosphorylated in paclitaxel-sensitive and -resistant A2780 cells. It has already been shown that
ERp57 is subjected to post-translational modifications such as glycosylation and phosphorylation (27) (28) (29) . In order to better characterise ERp57 post-translational status in paclitaxelsensitive ovarian cancer cells A2780 and in its paclitaxelresistant counterpart, A2780TC1, we performed affinity chromatography studies. To assess the presence of ERp57 glycosylation in A2780 and A2780TC1 cells, glycoproteins were separated using affinity chromatography for Concanavalin A (Con A), Snowdrop (GNA) and Lentil (LCH) lectins and eluted proteins subjected to Western blotting using the antibody raised against ERp57. Con A recognizes ·-linked mannose and terminal glucose residues branched ·-mannosidic structures and high-mannose type, hybrid type and biantennary complex type N-Glycans; GNA lectin selectively binds to ·1-3 and ·1-6 linked high mannose moieties; LCH lectin has specificity for fucosylated core region of bi-and tri-antennary complex type N-Glycans. Results showed that ERp57 is glycosylated in both cell lines tested and that it has mannose rich glycan moieties, since it was able to bind to all three lectins used, but no differences in its glycosylation status were observed between A2780 and A2780TC1 cells (Fig. 1A) . We also performed affinity chromatography studies for the specific purification of phosphorylated proteins from total cell lysates to evaluate the phosphorylation status of ERp57. Protein phosphorylation has been shown to cause a pI shift towards a more acidic pH, detected as multiple spots observed on 2-DE gels. Eluted proteins from phospho-columns and whole cell lysates were separated on 2-DE gels followed by Western blot analysis using the anti-ERp57 antibody. The detection of a signal migrating in correspondence with the more negatively charged protein spots showed that ERp57 was also phosphorylated in A2780 and A2780TC1 cells (Fig. 1B) .
Characterization of the nuclear ERp57 complex. ERp57 has different roles depending on its subcellular localisation. In a previous study we have demonstrated the ERp57 localization in the nucleus and its ability to associate with protein species involved in chromosome segregation and with a specific TUBB3 isoform involved in mechanisms associated with paclitaxel resistance (3) . In order to analyze ERp57 status in the nucleus, we performed 2-DE analysis using total lysates and nuclear fractions. As evinced by Western blotting approach, nuclear ERp57 was phosphorylated since protein spots detected by the specific ERp57 antibody migrated in correspondence with phosphorylated isoforms (Fig. 1B) . These pieces of evidence indicate that post-translational modifications characterise ERp57 in A2780 cells and, in particular, that a specific kinase and/or phosphatase activity on ERp57 very likely modulates its localisation within the nucleus. To better characterise the role of ERp57 in the nuclear compartment, we performed immunoprecipitation analysis followed by 2-DE (Fig. 2) and identified by mass spectrometry the protein species associated with ERp57 using nuclear fractions obtained from A2780 and A2780TC1 cells as previously described (3) . Five ERp57 protein interacting partners were successfully identified (Table I) . With this experimental approach we were not able to identify TUBB3 among the protein species belonging to the nuclear ERp57 complex. We have to consider that TUBB3 has been reported to be an isotype-specific for neuronal tissues and testis and has generally very low level of expression in other tissues, thus probably explaining the lack of detection of TUBB3 in the nuclear ERp57 complex. However, the occurrence of ERp57/TUBB3 association within the nuclear compartment has been previously reported by our group using the specific antibody against TUBB3. The presence of TUBB3 in our nuclear preparations was confirmed by 2-DE and 1-DE analysis (Fig. 3) through which we were able to detect the presence of the specific nuclear slower migrating TUBB3 isoform found to be associated with ERp57 (3). In this study we confirmed the association of ERp57 with the previously identified protein species, Nucleophosmin and Nucleolin (3). These two proteins have been described as chromatin associated proteins with histone chaperone activities, as proteins able to regulate chromatin transcription and as genotoxic stress-responsive RNA-binding proteins (30, 31) . Moreover, we were able to identify other novel protein partners, the serine/threonine kinase Aurora kinase C, Vimentin and ß-actin. Aurora kinase C has been found to be over-expressed in some cancer cell lines including HepG2, HUH7, MDA-MB-453 and HeLa (32) . It belongs to the Aurora protein kinase family (consisting of Aurora-A, -B and -C) that is an important group of enzymes that controls several aspects of cell division in mammalian cells (33) (34) (35) . Aurora kinases are over-expressed in some gynecologic cancers, and their overexpression is associated with poor prognosis (36, 37) . Vimentin is an intermediate filament protein involved, during mitosis, in the proper segregation of the filament in the daughter cells (38) . ß-actin is the isotype prevalently localised within the nucleus (39) . Actin within the nucleus of living cells exists as a dynamic equilibrium of monomers and polymers involved in gene expression, mRNA processing and chromatin remodelling (16, 17) . Moreover, Kwon et al showed that actin function is important for successful mitosis of cells carrying centrosome amplification (40) . These data indicate the involvement of nuclear ERp57 in the pathways associated with cell division and cancer development.
Nuclear ERp57 interaction with ß-actin is associated with paclitaxel resistance.
We have previously suggested a role of ERp57 in the chromosome congression and in the regulation of the microtubules/kinetochore association where the specific slower migrating isoform of TUBB3, involved in ovarian cancer development and chemoresistance, plays a role. Since actin has been shown to have a role in the control of spindle polarity in association with microtubules (41), we focused our attention on the ERp57/ß-actin nuclear complex in order to investigate its possible involvement in the cellular response to paclitaxel treatment. Firstly, actin protein level in our nuclear extracts was analysed using the anti-actin polyclonal antibody, reacting with a broad range of actin isoforms, and the monoclonal antibody against ß-actin. As shown in Fig. 3B , actin protein was barely detectable in the nuclear compartment. However, 2-DE analysis performed using large amount of nuclear lysates followed by Western blotting allowed us to detect the ß-actin signal and confirmed its localization in the nucleus (Fig. 3C) . We performed immunoisolation with the anti-ERp57 antibody followed by Western blotting using the antibody against ß-actin with nuclear extracts (Fig. 4A ). This analysis confirmed the occurrence of the interaction of ERp57 with ß-actin within the nucleus and, interestingly, showed the prevalence of the ERp57/ß-actin complex in A2780 compared to its paclitaxel- Table I . Proteins associated with ERp57 using nuclear fractions obtained from paclitaxel-sensitive (A2780) and -resistant (A2780TC1) cells: analysis by 2DE and identification by mass spectrometry. 
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a Spot numbers correspond to those included in the 2D image (Fig. 2 ). resistant counterpart A2780TC1. On the contrary, when we performed the co-immunoprecipitation analysis using both the anti-ß-actin monoclonal and the anti-actin polyclonal antibodies followed by Western blotting, we were not able to detect any signal with the antibody specific for ERp57 (Fig. 4B) . This result indicates that ERp57 and ß-actin may not interact directly and/or other protein species interacting with actin or the anti-actin antibodies themselves may compete with ERp57 for its association with the specific binding site on actin surface.
-----------------------------------------------------------------------------------------------------
Different actin conformational states modulate the nuclear
ERp57/ß-actin complex. To better understand the mechanisms related to ERp57/ß-actin interaction in the nuclear compartment, we used two different anti-actin antibodies: the 1C7 antibody raised against a chemically cross-linked actin dimer, called lower dimer (43) , and the 2G2 antibody able to recognise a profilin-actin complex with poly A/U from calfthyme that recognizes an epitope of actin that is exposed when in complex with profilin, specific for nuclear actin (44) . As shown in Fig. 4C , both the 1C7 and 2G2 antibodies were able to immunoprecipitate ß-actin in nuclear fractions obtained from paclitaxel-resistant A2780TC1 and sensitive A2780 cells, but actin association with ERp57 was observed only when nuclear lysates from A2780 cells were used. Even if we cannot exclude the participation of the other isotypes of actin to this complex, ß-actin has been demonstrated to be the major isotype in the nucleus (39) . These data indicate that specific conformational states of actin are involved in the formation of the ERp57 nuclear complex. Furthermore, as shown in Fig. 4C , the occurrence of the ß-actin participation in the protein complex is modulated by paclitaxel treatment.
Disulphide bonds modulate ß-actin association with ERp57.
The implication of actin cysteine residues has been described in the regulation of actin conformational states in which the formation of a sulfinic acid (at C272) and inter-disulphide bridges via C374 play a role (42) . Considering ERp57 reductase activity, we evaluated the possible involvement of the cysteine oxidation status of ß-actin in the interaction with ERp57. A2780 and A2780TC1 cells were pre-treated with NEM in order to prevent disulphide exchange and cell lysates subjected to immunoprecipitation with anti-ERp57 antibody. Eluted proteins from immunoprecipitation were subjected to 2-DE non-reduced/reduced SDS-PAGE analysis with the first dimension carried out under non-reducing conditions to separate mixed disulphide complexes and the second dimension run upon reducing conditions to resolve the mixed disulphides according to their individual size followed by Western blotting with the antibody specific for ß-actin. We did not perform any cellular fractioning in order to preserve mixed disulphide complexes. The detection of a horizontal Figure 4 . ERp57/ß-actin complex depends on specific actin conformations and is associated with paclitaxel resistance. (A) Western blot analysis using anti-ERp57 and anti-ß-actin antibodies after immunoisolation (IP) of protein species from nuclear fractions with anti-ERp57 antibody. (B) Western blot analysis using anti-ERp57 and anti-ß-actin antibodies after immunoisolation (IP) of protein species from nuclear fractions with the monoclonal anti-ß-actin antibody and the anti-actin polyclonal antibody, reacting with a broad range of actin isoforms. (C) Immunoprecipitation (IP) performed using nuclear extracts from A2780 and A2780TC1 cells with 1C7 and 2G2 anti-actin antibodies followed by Western blot analysis with anti-ß-actin and anti-ERp57 antibodies. Figure 5 . Cysteine oxidative status of ß-actin regulates the association with ERp57. Western blotting using anti-ß-actin monoclonal antibody after immunoprecipitation with anti-ERp57 antibody from total lysates. Cells were previously treated with NEM to prevent aspecific disulphide exchanges. Eluted proteins from the beads were subjected to 2-DE non-reduced/reduced analysis. Proteins lacking disulphide bonds migrate on the diagonal (gray line) because of the identical mobility in both dimensions. Proteins that contain intrachain disulphide bonds are more compact and run above the diagonal; proteins that form interchain disulphide-linked complexes run below the diagonal.
line below the diagonal corresponding to inter-chain disulphide linked complexes (Fig. 5) indicates that redox states of ß-actin cysteine residues are implicated in the interaction with ERp57. However, due to the complex combinatorial character of the actin cytoskeleton, treatment with NEM very likely influenced a large number of processes, including also those directly associated with the actin cytoskeleton, where ERp57 has already been shown to play a role (3) . For this reason, with this experimental approach we can demonstrate the involvement of actin cysteine residues in association with ERp57 and suggest their possible role also in the nuclear compartment.
Discussion
ERp57 has recently been suggested to represent a potential chemoresistance-specific biomarker in ovarian cancer (3) (4) (5) . ERp57 is a member of the protein disulphide isomerases family that consists of four domains named a, b, b' and a' with a and a' containing the thioredoxin-like active site sequence WCGHCK, whereas b and b' are redox inactive (10) . ERp57 acts as a chaperone and is involved in the proper folding and formation and reshuffling of the disulfide bridges of newly synthesized proteins in the ER as well as glycoprotein maturation (45, 46) . ERp57 has a role in conferring resistance to apoptosis under hypoxia and a potential role in the oxygen-sensing apparatus, thus showing clinical applications to endoplasmic reticulum stress and cancer (47) . In fact, the microenvironment of tumours, due to glucose deprivation and hypoxic conditions caused by poor vascularization, represents physiological ER stress which induces the unfolded protein response, where ERp57 plays an important role. In particular, in recent studies we observed that the most significant global functions associated with the highest number of changing proteins in paclitaxel-sensitive compared to paclitaxel-resistant ovarian cancer cell lines were those related to stress response and chaperones (3, 4) . We have also demonstrated that TUBB3, which has an important role as a clinical marker of drug resistance and poor prognosis in human cancer (14, 15) , is functionally inserted in a survival pathway able to adapt cells to a microenvironment featured by low oxygen level and poor nutrient supply since it interacts with several chaperones and proteins that catalyze protein folding (48) , and in particular with ERp57 (3). We have suggested that ERp57, through its disulphide isomerase activity, might have a role in the proper folding and compartmentalization of TUBB3 in response to paclitaxel treatment. Though mainly localised in the ER, ERp57 has been detected in the cytosol, where it participates to signal transduction and transcription regulation by activation of STAT3 (11) and in association with the cytoskeleton (3), and in the nucleus, where it influences the DNA binding of transcription factors or of structural nuclear proteins (49, 50) and is involved in the cellular response to drug treatment (3, 13, 51) .
Twenty-four amino acids at the N-terminal hydrophobic region are known to target ERp57 to ER for synthesis at the ER membrane and translocation into the ER lumen. In addition, ERp57 contains putative nuclear localization (494KPKKKKK500) and ER retention (502QEDL505) signals. It appears that ERp57 contains a single nuclear localization signal (NLS) since no other NLS was found by sequence analysis and deletion or mutation of NLS led to complete loss of entry of mutant ERp57 in the nucleus (52) . It still remains to be determined if the ERp57 subcellular localization and activity is regulated by phosphorylation, even if a study demonstrated that cytosolic ERp57 is phosphorylated at serine 150 (28) .
In this study, we provide further evidence about the cellular distribution of ERp57 and its involvement in particular nuclear functions. Our data indicate that ERp57 within the nucleus exists in its phosphorylated isoform and associates with a nuclear complex containing Nucleolin, Nucleophosmin, Vimentin, Aurora kinase C and ß-actin. Nucleolin seems to be over-expressed in highly proliferative cells and is involved in many aspect of gene expression: chromatin remodeling, DNA recombination and replication, RNA transcription by RNA polymerase I and II, rRNA processing, mRNA stabilisation, cytokinesis and apoptosis (8) . Nucleophosmin is an abundantly expressed multifunctional nucleolar phosphoprotein involved in cell division and in the cellular response to genotoxic stress (53, 54) . Both Nucleolin and Nucleophosmin have been described also as genotoxic stress-responsive RNAbinding proteins (31) . Aurora kinase C belongs to a family of evolutionarily conserved serine/threonine kinases that have important functions in centrosome duplication, mitotic spindle assembly, chromosome condensation, chromosome biorientation on the spindle and chromosome segregation (34) . Aurora kinases perform important functions during mitosis and hence their aberrant expression can lead to the cell transformation underlying cancer. In many tissues, Aurora kinase over-expression leads to genetic instability, which may cause cancer (35, 37, 55) . For this reason, the Aurora kinases are currently one of the most interesting targets for cancer therapy. Moreover, recent studies demonstrated that Aurora kinase inhibitors synergize with microtubule targeted agents to induce apoptosis in several tumor cell lines (56, 57) and are potent killers of taxane-sensitive and -resistant ovarian cancer cells (58) . Interestingly, our results show that ERp57 in the nucleus is phosphorylated and suggest the involvement of a specific kinase and/or phosphatase activity in the modulation of ERp57 subcellular distribution. We may speculate that Aurora kinase C very likely plays a role in the modulation of ERp57 phosphorylation and nuclear compartmentalisation. Vimentin is a type III intermediate filament protein that has been recently characterised as a chromosome fibrous protein (59) and as a protein involved in the correct segregation of the filament during mitosis (38) . It has also been found to be a mitotic substrate of an O-GlcNac/phosphate complex formed by Aurora kinase B (AKB), protein phosphatase I (PPI), O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) (60) . Interestingly, Vimentin has also been identified among the proteins differentially expressed in benign and malignant ovarian tumours when compared to borderline ovarian tumours (61) . Moreover, in a previous report, we identified Vimentin among the protein species able to interact with TUBB3 (48). Actin is a major component of the cytoskeleton and plays a critical role in all eukaryotic cells. The actin cytoskeleton functions in diverse cellular processes, including cell motility, contractility, mitosis and cytokinesis, intracellular transport, endocytosis and secretion (16, 17) . In addition to this mechanical function, actin has been suggested to play a role in centrosome clustering and chromosome congression and to have an important function for successful mitosis of cells carrying centrosome amplification (40) . It is worth noting that defects in centrosome clustering correlate with aneuploidy and malignant behaviour in several human tumors. These pieces of evidence strengthen the hypothesis on a role of ERp57 in the spindle assembly checkpoint, in the regulation of chromosomal segregation and genome integrity and its involvement in cancer development.
Mechanical linkages between chromatidis and microtubules are crucially important for spindle assembly and the alteration or disruption of kinetochore-microtubule attachment leads to mitotic spindle disorganization. Actin has been shown to have a role in the control of spindle polarity in association with microtubules (41) . Interestingly, it has been recently demonstrated that microtubule stabilizing agents, such as paclitaxel, epothilone B and discodermolide, but not the destabilizing agents, like colchicines, nocodazolo and vinblastine, induce aberrant mitosis through multipolar spindle formation and aneuploidy (62, 63) .
In particular, here we describe the involvement of ß-actin association with the ERp57 nuclear complex in paclitaxel resistance. ERp57 interaction with ß-actin was characterised by 1-DE and 2-DE analysis and by sub-cellular fractioning and immunoprecipitation. These analysis demonstrate that ERp57 forms a complex with ß-actin through disulphide bonds and associates within the nucleus with specific conformational states of actin, as shown by immunoprecipitation analysis performed using the 1C7 and 2G2 anti-actin antibodies, raised, respectively, against a cross-linked actin dimer called lower dimer, and a profilin-actin complex. It is worth noting that these two antibodies recognize particular actin conformations that specifically contribute to its function in the nucleus (43, 44) . In particular, 2G2 reactivity has been shown to be consistent with the presence of actin-profilin complexes in the nucleus, while 1C7 recognizes actin in complex with other factor or, alternatively, an actin population that has undergone post-translational modification. Interestingly, the interaction of ERp57 with these specific actin conformations was not observable in paclitaxel-resistant cells.
Actin supramolecular organization, location and function are determined by diverse repertoire of actin conformations and oligomer and polymer forms beyond monomeric G (globular)-actin and polymeric F (filamentous)-actin (64, 65) . It has been shown that distinct actin conformations and/or structures are present in the nucleus and in the cytoplasm and that their distribution varies in response to external signals. In general, ß-actin is the isotype localised in the nucleus (39) . A plethora of actin binding proteins arranges and stabilises actin into various suprastructures required for its functions and regulates its cellular distribution in response to external signals. To date, almost one hundred of actin-binding proteins have been identified (66) . These proteins, under the control of specific signalling pathways, regulate the forms and functions of actin in the cell, including the nucleocytoplasmic translocation of actin. There is also increasing evidence that posttranslational modifications, including glutathionylation (67), nitration (68) , nitrosylation (69) and arginylation (70) , play important roles in regulating the cellular functions of actin. More recently it has been observed that sumoylation is required for the nuclear localization of actin (71) . It is possible that paclitaxel treatment may regulate actin function by altering its posttranslational status and the affinity with its direct actin binding proteins or modulating the protein expression level of some actin binding proteins and, consequently, the structure within the nucleus, and this may decrease also its binding activity to the ERp57 nuclear complex.
Understanding the molecular mechanisms involved in ovarian cancer and in particular the molecular mechanism involved in ERp57/ß-actin association related to the specific nuclear actin conformation states in ovarian cancer cells might favour the development of novel therapeutic approaches to overcome mitotic defects observed in cancer cells and chemoresistance occurrence.
